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Introduction
Chemicals are used extensively and intensively in our technological society, and their use is continuously increasing. This large amount of different chemicals can reach surface and groundwater systems, and have unpredictable environmental and health effects in the long term (Guillén et al., 2012) . This serious threat to aquatic life has prompted the creation of new regulations related to chemical safety, with the aim of assessing the environmental risk of individual substances, commonly after -but increasingly and ideally before -the substance is available on the market. The pesticide directive EC No 1107/2009, the Regulation on Registration, Evaluation and Assessment of Chemicals (REACH), the Water Framework Directive (WFD) and the Marine Strategy Framework Directive (MSFD) are the main pieces of European legislation that regulate chemicals in the environment (Gregorio and Chévre, 2014; Segner, 2011) .
In order to protect biological/ecological systems, the study of potential toxic impact imposed by particular chemicals has become a priority field in current environmental research. Nowadays, the existing knowledge gap in the biological effects of contaminants, particularly for ecologically relevant aquatic species, constitutes a real bottleneck in risk assessment of exposure to potentially harmful substances, given the wide variety of chemicals, and their mixtures, that need to be assessed. This realization has resulted in a shift from (chemical-based) contaminant monitoring towards reliance on (effect-based) ecotoxicity testing using biological assays (Lam and Gray, 2003) . Among the intracellular toxicity alterations that can be induced by chemicals, reactive oxygen species (ROS) production and DNA damage are currently the best accepted paradigms to assess and compare the toxicity of different environmental contaminants, since recent evidence has shown that many types of chemicals exhibit oxidative and/or genotoxic potential on living organisms such as unicellular algae (Cirulis et al., 2013 , Hess, 2000 Prado et al., 2009 Prado et al., , 2015 .
Among aquatic organisms, the use of unicellular algae as test species in cell-based bioassays is clearly justified in terms of environmental protection. Microalgae are a key component of food chains in aquatic environments due to their fundamental participation in energy conversion and ecosystem food web maintenance. Therefore, it is essential to have early assessment tools for cytotoxic and genotoxic effects at the cellular level, which could lead to disturbance in structure and productivity of the algae community which, in turn, could induce direct structural changes in the rest of the ecosystem (Martinez et al., 2014) . In this regard, the green freshwater microalga Chlamydomonas reinhardtii, extensively used in molecular biology and photosynthesis research (Harris, 2001) , has recently gained importance in ecotoxicological research (Fischer et al., 2010; Jamers and De Coen, 2010) . This unicellular alga is sensitive to different contaminants, is commonly found in freshwater and soils, has a short generation time, is easy to culture and its genome has been sequenced.
In current toxicity bioassays with microalgae, integrative endpoints such as growth and cell viability are the most widely monitored parameters. These population-based parameters are highly relevant ecologically because they provide information about the likely outcome of a particular chemical at the cellular level, potentially compromising structure and function of higher trophic levels in aquatic ecosystems (Campanella et al., 2001 Rioboo et al., 2011) . However, these conventional endpoints do not provide information about the toxic mechanisms by which environmental chemicals disrupt biological processes in algal cells. In the last years, considerable research efforts have been directed towards incorporating a suite of more specific molecular, biochemical and physiological endpoints which can provide early warning signals for possible hazardous effects induced by chemical exposure in unicellular algae. In this regard, previous studies have reported the implementation of flow cytometry (FCM) in toxicity bioassays with microalgae as an alternative to traditional techniques, assessing the biological effects of several environmental pollutants (Adler et al., 2007 , Franklin et al., 2004 , Franqueira et al., 2000 , Hankamer et al., 2014 , Jamers and De Coen, 2010 Prado et al., 2009 Prado et al., , 2012a Prado et al., , 2015 .
Despite all points mentioned above, current genotoxicity data using microalgae as a model organism for aquatic chemicals are still scarce. Among the genotoxicity tests available, the comet assay has recently attracted much attention, being increasingly used to study DNA strand breaks in ecotoxicological studies (Park and Choi, 2007) . Since this method primarily detects high molecular-weight DNA resulting from single and double-strand breaks and alkali-labile sites in cells, unicellular algae could be a reliable model for the assessment of genotoxic effect of aquatic pollutants. To date, only a few genotoxicity studies based on the comet assay have been conducted with microalgae (Akcha et al., 2008 , Aoyama et al., 2003 , Desai et al., 2006 , Erbes et al., 1997 , Li et al., 2009 , Martinez et al., 2014 Sastre et al., 2001 ).
The bipyridyl herbicide paraquat is included in the EU priority database of potentially dangerous compounds that must be monitored in environmental samples (Commission Regulation (EC) No 1272/2008; access date: December 2014). Paraquat (1,1′-dimethyl 4,4′-bipyridinium ion) is a quaternary nitrogen herbicide used to control grasses and broadleaf weeds for a variety of agricultural crops. In the present work, paraquat was selected from the available diversity of aquatic contaminants as a model chemical for a specific toxic mechanism: paraquat catalyses the generation of superoxide radicals, thereby causing oxidative stress (Jamers and De Coen, 2010 , Knauert and Knauer, 2008 , Suntres, 2002 Szivák et al., 2009) .
Although its application is partially restricted and even banned in several countries (Baltazar et al., 2014) , paraquat is one of the most widely used herbicides in the world (Nanseu-Njiki et al., 2010; Santos et al., 2013) . Furthermore, the risk of contamination by paraquat is enhanced by its high water solubility (620 g L -1 ) (Tomlin, 2009) , having often been detected in surface and drinking waters in maximum concentrations of 97.8 μg L -1 (Amondham et al., 2006; Zhou et al., 2009) . Despite the inconclusive evidence regarding the carcinogenic effects of paraquat, the US Cal EPA (1993) has classified this herbicide as a possible human carcinogen. For these reasons, paraquat represents a serious risk not only for aquatic environments but also for human health.
The goal of this study was to evaluate the sensitivity of different cytotoxicity and genotoxicity responses on the model microalga Chlamydomonas reinhardtii to exposure to the prooxidant herbicide paraquat, assaying similar concentrations to those previously reported in the environment (Amondham et al., 2006; Zhou et al., 2009) . In addition to the traditional growth endpoint, several physiological and biochemical parameters such as cell viability, mitochondrial membrane potential and ROS production were monitored by flow cytometry (FCM) as potential markers of cytotoxicity. To study the potential effects of paraquat on C.
reinhardtii DNA, we performed a comprehensive analysis of herbicide-induced DNA damage using several genotoxicity approaches. Since oxidative DNA base damage can be a reliable marker of oxidative stress at the DNA level, the formation of 8-OHdG was analysed by FCM. In addition to the aforementioned comet assay, DNA fragmentation was also studied by cell cycle analysis using FCM, with a particular focus on the presence of subG1-nuclei, indicative of apoptosis phenomena. Finally, the potential effects on nuclei morphology were also monitored using DAPI staining. These genotoxicity methods have been successfully applied in various clinical and toxicological studies using mouse and human cell lines (Cambi et al., 2013; Liu et al., 2013) but have never, to our knowledge, been used in ecotoxicological studies with microalgae.
Materials and methods

Reagents
All chemicals were purchased from Sigma-Aldrich (Spain) unless stated differently.
Chlamydomonas strain and culture conditions
The unicellular green alga Chlamydomonas reinhardtii Dangeard (strain CCAP 11/32A mt+) was obtained from the Culture Collection of Algae and Protozoa of Dunstaffnage Marine Laboratory (Scotland, UK). C.
reinhardtii cells were cultured photoautotrophically on a rotary shaker set at 150 rpm in Tris-minimal phosphate medium (Harris, 1989 ) at 22 ± 1°C under a 12:12 light:dark cycle at an intensity of photosynthetically active radiation (PAR) of 100 μmol photon m -2 s -1
. For experimental cultures, cells in midlogarithmic growth phase were used as inoculum and suspended at an initial density of 2 x 10 5 cells mL -1 .
Experimental design
Before each experiment, fresh stock solutions of paraquat (Sigma-Aldrich; MW: 257.2) were prepared by dissolving the herbicide in distilled water and filtering through 0.2-μm membrane filters. At time zero, paraquat was added to C. reinhardtii cultures at three final nominal concentrations determined by previously carried out concentration-growth rates response assays: 0.1 μM (growth inhibition equal to 0%), 0.25 μM (close to the 96-h EC 50 value) and 0.5 μM (growth inhibition equal to 100%). Control cultures were also included, to which no paraquat was added. All cultures were set up in triplicate for 24 h and at least three independent experiments were carried out for each parameter analysed.
Flow cytometry acquisition and analysis
Flow cytometric analyses of C. reinhardtii cells were performed on a Beckman-Coulter Gallios flow cytometer fitted with 488-nm and 633-nm excitation lasers and interfaced to Gallios acquisition software version 1.2 (Beckman-Coulter, Fullerton, CA). In order to exclude non-microalgal particles, Chlamydomonas cells which present a cell size of 10 μm x 6 μm (Harris, 1989) , were gated by their morphological features as displayed in dot-plots of forward scatter (FS, an estimation of cell size) versus red autofluorescence (FL4 channel, 675/20 nm, an estimation of cell chlorophyll a content). At least 10.000 gated cells per sample were collected and analysed using Kaluza software version 1.1 (Beckman Coulter). All flow cytometric experiments were performed at least three times and duplicate samples were run on the flow cytometer.
The 488-nm argon-ion laser was used as excitation source for all the probes assayed.
Prior to the investigation, extensive experiments were conducted to optimize the probe titters, the incubation conditions and the concentration of cells to be used for flow cytometry (FCM) in order to obtain significant and stable staining of cells without toxicity being developed. All probe stock solutions were made up in dimethyl sulfoxide (DMSO) and stored in 20-μl aliquots at −20°C. Further dilu ons were made in phosphate buffered saline (PBS) to a final concentration of DMSO of less than 0.01%. Fluorescent probe JC-1 was from Molecular Probes (Scotland, UK). there by the orange fluorescence of cells (Ormerod, 1990 (Benov et al., 1998) , is cell permeant and can be directly oxidized to EB by O 2
•-produced by the cell. DNA-binding EB is fluorescent (610 nm) on excitation with the 488-nm argon-ion laser.
HE was added at a final concentration of 16 μM to the cell suspensions (2 x 10 5 cells ml To validate all these oxidative stress markers, pre-stained cells were exposed to H 2 O 2 , a commonly used oxidant, at a final concentration of 5 mM for 10 min prior to analysis by FCM as control (Prado et al., 2012a) 2.3.4. Mitochondrial membrane potential (MMP) assay with JC-1
Changes in mitochondrial membrane potential (MMP) of C. reinhardtii cells after treatment with paraquat were evaluated by staining cells with the lipophilic cationic probe JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide). JC-1 is a ratiometric, dual emission potential-sensitive probe that is internalized and concentrated by respiring mitochondria, where it exits in a monomeric form emitting at 525 nm (green fluorescence) after excitation at 490 nm. In response to MMP (implicating a high dye concentration), JC-1 forms the so called J-aggregates that are associated with a large shift in fluorescence emission from green to orange (590 nm) (Reers et al., 1991) .
C. reinhardtii cells (2 x 10 5 cells mL
) were incubated with 3 μM of JC-1 for 20 min at RT in the dark.
Afterwards, cells were washed twice and finally resuspended in PBS before FCM analysis. JC-1 was excited at 488 nm, and both green (JC-1 monomers) and orange (JC-1 oligomers) emission were determined at FL1
(525/10 nm) and FL3 (600/20 nm) channels, respectively. MMP results were expressed as the mean orange (JC-1 oligomers)/green (JC-1 monomers) fluorescence intensity ratio which is dependent only on the mitochondrial membrane potential (Cassart et al., 2007) . Carbonylcyanide m-chlorophenylhydrazone (CCCP), a known mitochondrial uncoupler, was the control for the MMP assay, C. reinhardtii cells being coincubated with CCCP at a final concentration of 49 μM and JC-1 prior to analysis in the flow cytometer.
2.3.5. Cell-cycle distribution analysis using PI A flow cytometric assay was performed to assess effects of paraquat on C. reinhardtii cell cycle using propidium iodide (PI), a popular fluorescent dye that binds to double-stranded nucleic acids as described above. For the measurement of cellular DNA content using PI labelling, Chlamydomonas cells (10 6 cells)
were harvested and the pellet was fixed with 70% (v/v) cold ethanol for 2 h at 4°C. After fixation, cells were washed, pelleted and resuspended in PI solution (0.01 mg mL 
Comet assay by single-cell gel electrophoresis
A number of techniques are available for detecting the effects of genotoxic agents in organisms. Of these, alkaline single-cell gel electrophoresis or comet assay is a well-established method for detecting DNA strand breaks Singh, 1994) . In the present work, the comet assay was conducted to detect the DNA damage after 24 h of exposure to paraquat on C. reinhardtii according to Erbes et al. (1997) , except for that DNA staining was performed with SYBR Green I nucleic acid stain (Molecular Probes, Scotland, UK).
Microscope slides were pre-coated with a base layer of 100 μL of 1% (p/v) normal melting point agarose (NMA). The cells were resuspended in 0.7% low melting point agarose (LMA). A volume of 80 μL of the cell suspension (approximately 2 × 10 4 cells) was dropped on a pre-coated slide, and a glass coverslip placed on top to spread the gel, which was left to set at 4°C. After solidification of the agarose, slides were covered with another 80 μL of 0.7% (p/v) LMA and then placed in lysis solution (300 mM NaOH, 30 mM Na 2 EDTA and 0.1% (p/v) sodium dodecyl sulphate (SDS)) at RT for 10 min in darkness to remove cellular membranes, cytoplasm, and histones, leaving DNA as nucleoids. After lysis, the slides were transferred to an electrophoresis tank containing alkaline solution (300 mM NaOH, 1 mM Na 2 EDTA, pH > 13) for 5 min at 4°C
for DNA unwinding. For electrophoresis of the DNA, an electric current of 25 V/300 mA was applied for 10 min at 4°C. The slides were removed and washed three times with a neutralizing buffer (0.4 M Tris, pH 7.5)
for 5 min at 4°C before staining with SYBR Green I stain.
Two slides were prepared from each replicate culture (n=2). Besides, Chlamydomonas cells treated with a reference genotoxic, H 2 O 2, (10 mM, 2 h in darkness) were used as control of the assay. The diameter of C. reinhardtii nucleus is 3 μm (Harris, 1989) . The prepared slides were subsequently examined at X400 magnification using a Nikon Eclipse E400 epifluorescence microscope (Nikon Instruments Europe BV) 
Fluorescent staining of nuclei by DAPI
One of the most common DNA stains is DAPI (4',6-diamidino-2-phenylindole) which binds to A-T rich regions of the DNA double helix. In this study, this fluorescent dye was applied for depicting changes in nuclear morphology and chromatin distribution (Darehshouri et al., 2008) of C. reinhardtii. Control and treated cells suspensions were stained with 7.2 μM of DAPI for 10 min at RT and then were mixed in 0.7% (p/v) low melting point agarose (LMA). The prepared slides were subsequently examined at X400 magnification using a Nikon Eclipse E400 epifluorescence microscope (Nikon Instruments Europe BV) equipped with UV-2A 
Results
C. reinhardtii growth is inhibited in response to paraquat exposure
To determine the potential effects of paraquat on C. reinhardtii cultures, growth rates of C. reinhardtii cells exposed to different paraquat concentrations were calculated after 24 h of herbicide exposure as shown in Table 1 . Growth data analysis indicated that paraquat treatment induced a noticeable inhibitory effect on the proliferation of C. reinhardtii in a concentration-dependent manner, which resulted in significantly lower growth rates in cultures exposed to the two highest concentrations assayed, 0.25 and 0.5 μM of paraquat:
about 65% and 25% of the growth rate in control cells, respectively (P < 0.05; Table 1 ). EC 50 value after 24 h was 0.33 μM (Table 2) .
Viability of C. reinhardtii cells after paraquat treatment
To determine whether the significant decrease in growth of C. reinhardtii at the highest concentrations of paraquat was associated with the loss of cell viability, a FCM assay based on dye exclusion of the probe PI was used to identify cells with intact plasma membrane. As shown in Figure 1 , the percentage of C.
reinhardtii cells with intact plasma membrane (PI-cells) after 24 h of paraquat exposure remained close to 99% for control and for all herbicide concentrations assayed (P > 0.05), except in cells exposed to the highest concentration assayed. Viability of C. reinhardtii cells exposed to 0.5 μM of paraquat significantly dropped when compared to non-treated cells (P < 0.05), presenting lower percentages of viable (PI-) cells (96.05 ± 1.11%) than control (99.13 ± 0.22%) cells. EC 50 value for this parameter after 24 h of paraquat exposure was 1.20 μM (Table 2 ).
Cell cycle perturbations in C. reinhardtii cells after treatment with paraquat
To gain insight into the above-mentioned growth-inhibitory effects and their potential relation with DNA damage, we were interested in determining whether paraquat also induced cell cycle perturbations and apoptosis in C. reinhardtii cells by measuring cellular DNA content using FCM. C. reinhardtii is a haploid organism (Harris, 1989) . reinhardtii ( Figure 4 ). As shown in Figure 4B , the levels of 8-OHdG adducts in cells treated with the lowest concentration assayed, 0.1 μM of herbicide, were similar (P > 0.05) to those recorded in non-treated cells, whereas significant 1.6-and 3.5-fold increases (P < 0.05) in the formation of 8-OHdG residues were recorded when C. reinhardtii cells were incubated with 0.25 and 0.5 μM of paraquat, respectively. EC 50
value after 24 h of paraquat exposure was 1.02 μM (Table 2 ).
3.6. Mitochondrial membrane depolarization in C. reinhardtii cells exposed to paraquat
To assess whether paraquat-mediated ROS production was accompanied by mitochondrial dysfunction, C.
reinhardtii cells were stained with the mitochondria-specific dye, JC-1, which is widely used to monitor value after 24 h of paraquat exposure was 0.36 μM (Table 2) .
Discussion
The use of biological assays has become an increasingly popular tool for modern environmental assessment as they can theoretically help predict the biological effects of exposure to potentially harmful chemicals in the environment. In this context, several standardized toxicity assays with microalgae have been developed (e.g. according to ISO (2012) and OECD (2011) guidelines) and are currently required by authorities for notifications of new chemicals.
To date, the response of microalgae to environmental contaminants is basically measured using populationbased endpoints, such as specific growth rate. In the present work, growth of C. reinhardtii was affected by paraquat in a concentration-dependent manner after 24 h of exposure (Table 1) . However, growth rates were only significantly lower than those of the control when algae were exposed to paraquat concentrations higher than 0.1 µM. Similar threshold values (> 0.1 µM) for paraquat toxicity on growth of C. reinhardtii were reported in previous studies (Jamers and De Coen, 2010; Nestler et al., 2012) . As shown in Table 2 , the EC 50 value obtained for this endpoint after 24 h of treatment also suggests that growth rate inhibition in C. reinhardtii is not the most sensitive parameter to paraquat exposure at concentrations usually detected in freshwater ecosystems (Amondham et al., 2006; Zhou et al., 2009 ). Furthermore, since inhibition of microalgal growth can be caused by chemical interference with a wide range of subcellular processes, this integrative endpoint alone is not sufficient for evaluating the toxicological effects of chemicals on unicellular algae.
As an alternative to these standard algal endpoints, flow cytometry technique allows simultaneous measurements of multiple cellular and subcellular parameters which can be made separately on each cell within the suspension, under near in vivo conditions. However, the potential of this technique as a tool in unicellular algal toxicity bioassays has not yet been fully exploited. Among the toxicity endpoints that can be monitored in biological assays, the change in the redox status of the cell is of major interest since most classes of chemicals act as prooxidant stressors, increasing the intracellular generation of ROS and causing oxidative conditions in the cell (Hess, 2000) . In this study, the percentage of gated cells from HE staining (Figure 3 ) was analysed by FCM to assess the extent of ROS production as a control of the well-known toxicity mechanism of paraquat. Upon entering photosynthetic cells, the bipyridinium compound paraquat diverts electrons primarily from PS I and transfers them to molecular oxygen. The superoxide radicals produced by this process lead to the subsequent generation of other ROS, notably hydrogen peroxide and hydroxyl radicals (Hess, 2000) . Results showed a significant increase in the population of cells with high intracellular ROS levels (HE-positive) in the cultures with increasing paraquat concentration (Figure 3) . In previous ecotoxicological studies in unicellular algae, intracellular ROS measurements in response to paraquat indicated mechanisms of toxic action involving reactive oxygen species (ROS) formation and oxidative stress (Jamers and De Coen, 2010, Nestler et al., 2012; Prado et al., 2012a Prado et al., , 2012b . Copper and other metals also induced an increase in levels of reactive species in microalgal cells (Melegari et al., 2013) .
Our results confirm that this parameter, related to oxidative activity measurement, could serve as a suitable indicator of exposure to prooxidant stressors, showing one of the lowest EC 50 values obtained in response to paraquat (Table 2) .
It is well-known that when a certain threshold of ROS production has been surpassed, the cellular antioxidant defence mechanisms are no longer able to respond sufficiently. At this point, oxidative stress increases rapidly, leading, among other effects, to membrane disruption and ultimately cell death (Hess, 2000) . Based on this direct involvement of oxidative stress in the toxicity mechanism of paraquat, a strong relation between intracellular ROS levels and the loss of cell viability associated with membrane damage in C. reinhardtii cultures could be expected. Furthermore, many recent studies have evidenced that cell viability is a sensitive parameter for cytotoxicity monitoring of several contaminants in algae (Ebenezer et al., 2012 , Lelong et al., 2012 Melegari et al., 2013) . However, FCM analysis of C. reinhardtii cells with intact plasma membrane (PI-cells) showed no indication of massive cell death. We only found a significant cell viability decrease in C. reinhardtii cultures exposed to the highest concentration assayed of paraquat compared to control cultures (Figure 1) . A potential explanation for this observation could be the stimulation of antioxidant defence mechanisms, such as antioxidant enzyme activities, as reported before for green algae exposed to herbicides (Chankova et al., 2014; Dewez et al., 2005) , or the dependence on exposure time of the cells to paraquat, since only short-term effects (24 h) were assessed in the present study. In fact, these results align with previous studies (Jamers and De Coen, 2010; Prado et al., 2009 ) that reported a decrease in C. reinhardtii viability after 48 h of exposure to paraquat. In conclusion, the cell viability endpoint could be limited by dependence on exposure time, indicating that membrane integrity is altered only after other cellular parameters, such as ROS levels or mitochondrial dysfunction, have already been strongly affected by the herbicide. In this regard, the EC 50 value for cell viability was the highest of the various parameters assayed in the present study (Table 2 , EC 50 value of 1.20 µM).
Because paraquat can act as an alternative acceptor of electrons from the respiratory chain, the study of perturbations on mitochondrial respiratory chain could be a suitable indicator of paraquat toxicity on C.
reinhardtii cells (Drechsel and Patel, 2009; Mohammadi and Ghazi, 2008) . The analysis of mitochondrial membrane potential (MMP), using FCM assay with fluorochrome JC-1, has been widely used as an approach to measure the activity of the mitochondrial respiratory chain in animal cells (Yang et al., 2013 and Binet et al., 2014) . Previous studies in animal and vegetal cells have observed a proton-phobic effect exerted by paraquat on mitochondria, i. e., this herbicide causes a depolarization of the inner mitochondrial membrane and an uncoupling of the oxidative phosphorylation (Costantini et al., 1995 , Palmeira et al., 1995 Vicente et al., 2001 ). This finding is in accordance with our results, where a significant depolarization of the MMP was observed in C. reinhardtii cells after 24 h of exposure to all the assayed concentrations of paraquat. It is noteworthy that the adverse effects of paraquat were also concentration-dependent ( Figure 5 ). Several authors reported that this depolarization effect provoked by paraquat could be due to a permeabilization of the inner membrane of the mitochondria, as a consequence of the peroxidation of lipids due to ROS generation (Palmeira et al., 1995) as well as a result of the opening of calcium-dependent pores specific of this membrane (Costantini et al., 1995) . Recently, an inhibitory effect of paraquat on ATP synthase activity of the inner mitochondrial membrane has been described, which can also result in membrane depolarization (Gómez et al., 2007) . Since the collapse of the MMP can be attributed to indirect or direct oxidative damage generated by paraquat in the mitochondria, our results indicate that paraquat induces oxidative disturbance not only in the chloroplast but also in the mitochondria of the alga C. reinhardtii. In fact, the MMP constituted one of the most promising markers of toxicity for paraquat exposure among those assayed, showing the lowest EC 50 value reported in the present study (0.13 μM). In spite of this, the MMP parameter is rarely implemented as endpoint in ecotoxicity bioassays.
With respect to the potential genotoxic mode of action of paraquat, ROS are considered to be the major source of spontaneous damage to DNA. Oxidative attack on DNA results in mutagenic structures such as 8-hydroxyadenine and 8-hydroxyguanine, which induce instability of repetitive sequences. In this context, oxidative DNA base damage in C. reinhardtii cells was analysed via the formation of 8-OHdG by FCM, a method that has extensively been used to assess the quality of human sperm (Cambi et al., 2013; Liu et al., 2013) . Results showed a concentration-dependent increase in oxidative DNA damage in algal cells exposed to paraquat (Figure 4 ) with respect to control. This is the first study, to the authors' knowledge, that provides quantitative measurements of oxidative DNA damage in microalgal cells exposed to environmental contaminants, indicating that oxidative stress is a likely cause of paraquat genotoxicity in C. reinhardtii.
ROS-mediated DNA oxidation in paraquat-treated C. reinhardtii cells indicated the possibility of DNA damage where an early effect could be evidenced on the cell cycle, particularly on the potential activation of the pathways underlying DNA repair, cell cycle progression, and apoptosis. Using FCM, changes in cell cycle perturbations can be analysed by categorizing the percentage of cell populations residing in each phase of the cell cycle and apoptotic cascade phenomena (Anbumani and Mohankumar, 2015) . However, no studies have addressed the potential genotoxic effects of contaminant exposure on microalgal toxicity by analysing the cell cycle distribution through DNA content. In the classical cell division cycle, a growing cell duplicates all of its components and divides them into two nearly identical daughter cells. A cell cycle can be separated into two phases: a pre-and a post-commitment phase. The pre-commitment phase (G1) consists of growth processes leading to an increase in cell size, the building of cellular structures and the accumulation of energy reserves. This phase is dependent on energy and thus, in the case of microalgae, dependent on photosynthesis. At a certain point during growth in the pre-commitment phase, algae reach a threshold size that triggers a sequence of events leading to cell division. This point is called the commitment point (CP). As it was found in previous works (Donnan et al., 1985 , John, 1987 Setlik and Zachleder, 1984) , some Chlorococcal and Volvocean algae are able to divide into more than two daughter cells by a noncanonical mechanism called multiple fission. When growth is allowed to continue during the post-commitment phase, cells can grow in G1 up to many times their original size and therefore attain additional commitment points, which makes them divide into multiple daughter cells at the end of the cell cycle. In the multiple fission cell cycle, the size of the mother cell and, subsequently, the number of commitment points determines n, generating 2n daughter cells of uniform size after a rapid series of subsequent S and M cycles.
In the present work, the DNA content of C. reinhardtii cells was analyzed by measuring fluorescence due to PI staining on the flow cytometer. In control cultures, three populations of cells containing 1, 2 or 4 copies of DNA were observed (Figure 2A) , indicating that C. reinhardtii cells were dividing by multiple fission and releasing 2 to 4 daughter cells per mother cell. This finding suggests that, under the culture conditions assayed in this study, C. reinhardtii cells were be able to grow until attaining the first and second commitment points. However, the exposure of algal cells to paraquat concentrations resulted in a concentration-dependent decrease in 4N cell population compared to control cultures (Figure 2 ), suggesting that cells in cultures exposed to paraquat would not be able to divide into 4 daughter cells. Following this reasoning, the exposure to this photosynthesis-inhibiting herbicide could result in a lower amount of daughter cells per mother cell, since less cells would be able to reach the second commitment point, which would cause the lower growth rates recorded in paraquat-treated cultures (Table 1) . These results are in line with previous findings reported in another Chlorococcal microalga exposed to a triazine herbicide, where terbutryn altered the normal number of daughter cells (4 autospores) obtained from each mother cell, being only two in the cultures treated with 250 nM of herbicide .
Furthermore, cells with DNA fragmentation can be identified in DNA content frequency cytograms by the appearance of a subG1 cell population (Ebrahimi Nigjeh et al., 2013 , Kajstura et al., 2007 , Kim et al., 2013 , Kim et al., 2014 Stanojković et al., 2013) . In this study, a significant subpopulation of C. reinhardtii cells treated with paraquat seemed to suffer severe DNA damage, which led to a concentration-dependent increase in the percentage of cells observed in the subG1 phase with regard to control cultures. The lower DNA content suggests that algal cells were breaking down their DNA, which is considered an indicator of apoptosis (Moharikar et al., 2006; Segovia et al., 2003) . This concentration-dependent increase in cell population in subG1 suggests that DNA damage in C. reinhardtii cells increases in the presence of all the paraquat concentrations assayed, probably due to the observed oxidative DNA damage (Figure 4) . With regard to these data, it is well-known that genotoxic damage during DNA replication can transiently delay progression through the S phase. The existence of DNA damage in C. reinhardtii cells suggests that this prooxidant herbicide could cause a delay in the timing of the G1 phase of the cell cycle, resulting in an increase in the doubling time of the algal cells. This increase in the duration of G1 could be interpreted as a situation where cells gain extra time to repair DNA damage and could also explain the negative effect of paraquat on the 4N population of C. reinhardtii cultures (Figure 2) . Overall, the cell cycle analysis by FCM confirms that this method can be extremely helpful to elucidate the different modes of action of contaminants in cells exposed to acute or chronic toxicity. However, our findings indicate the need to determine the timing of each phase of the cell cycle during all the experimental period in order to gain an in-depth knowledge of the impact of paraquat on cell cycle progression in C. reinhartdtii.
Furthermore, genome stability in C. reinhardtii cells was investigated using comet assay. This genotoxicity technique has been successfully applied to detect ROS-induced strand breaks in the primary structure of the DNA of microalgal cells exposed to several contaminants (González et al., 2007 , Liu et al., 2006 Prado et al., 2009 ). In agreement with these previous works, the comet assay results showed an extensive and concentration-dependent damage to DNA after treatment of C. reinhardtii cells with the prooxidant herbicide paraquat. Paraquat-treated algal cells showed a concentration-dependent increase in the percentage of comet nuclei in cells exposed to all the assayed concentrations of the herbicide, as compared to control cells ( Figure 6 ). In cultures exposed to the highest paraquat concentration, the percentage of damaged nuclei reached values of 86.47 ± 2.44% of C. reinhardtii cells, which indicated the extent of DNA damage. In the current work, it is also noteworthy that the comet assay results, expressed as percentage of comet nuclei in the algal cells exposed to paraquat, could be related to oxidative stress data, expressed as percentage of cells with high intracellular ROS levels (HE-positive) in the C. reinhardtii cultures treated with herbicide ( Figure 3 ). Taking these observations into account, this result indicates that this parameter is valuable to further study damage at the DNA level caused by the oxidative activity of paraquat in C.
reinhardtii cells, and could constitute a reliable and sensitive indicator for genotoxicity caused by contaminants capable of redox cycling, with an EC 50 value of 0.28 μM after 24 h of paraquat exposure (Table   2 ). In addition to the DNA fragmentation damage found by the comet assay in C. reinhardtii, the DAPImorphology nuclei results further corroborated the alterations in paraquat-treated cells ( Figure 7B ) as compared to untreated cells ( Figure 7A ). Several authors have related these changes in nuclei morphology to chromatin condensation ( Figure 7B ), which is frequently described as an apoptotic hallmark (Darehshouri et al., 2008 , Elmore, 2007 , Ferradás et al., 2014 , Giri et al., 2013 , Jiménez et al., 2009 Zuppini et al., 2009 Zuppini et al., , 2010 . In accordance to this, C. reinhardtii cells exposed to paraquat presented irregular DAPI staining as well as a slight degree of chromatin clumping in their nuclei ( Figure 7B ). Since DAPI can stoichiometrically bind to DNA and C. reinhardtii cultures were not synchronized (Figure 2 ), an increase of dye fluorescence could exclusively be related to the different DNA content in the cells. However, in DAPI-positive cells, chromatin aggregation was not only restricted to the nuclear area, with blue-stained granules also observed in the centre of the cell. These observations suggest some degree of karyolysis (Jiménez et al., 2009 ), which would be in coherence with the severe DNA damage observed on the cell cycle and, particularly, in the comet assay results (Figures 2 and 6 ). In this regard, it is worth noting the similarity in EC 50 values obtained for DAPI-positive and comet-positive cells, 0.36 and 0.28 μM, respectively (Table 2 ).
All these data reinforce the need for additional studies on the genotoxicity of environmental contaminants on ecologically relevant organisms such as microalgae, which, by linking genotoxic activity to other biological responses, could provide further understanding of adverse effects on organisms living in aquatic environments.
Conclusions.
The evaluation of the endpoints of the present study showed that several physiological and biochemical parameters reacted to oxidative stress disturbances with greater sensitivity than integrative parameters such as growth rates or cell viability. Among the different subcellular endpoints assessed in this work, the mitochondrial membrane potential parameter constituted the most sensitive indicator for herbicide exposure, showing the lowest EC 50 value reported after 24 h of treatment. FCM analyses indicated that ROS were generated in the presence of paraquat, which could explain the cellular disturbances as well as other specific toxicological outcomes. Our experiments revealed a concentration-dependent cytotoxicity (ROS production, depolarization of mitochondrial membrane), genotoxicity (oxidative DNA base damage, DNA strand breakage, alterations in nuclear morphology), and cell cycle disturbances (presence of subG1-nuclei, decrease of 4N population) in paraquat treated cells. These results confirmed that parameters associated with oxidative stress and DNA damage are highly sensitive endpoints in unicellular algae exposed to different concentrations of prooxidant pollutants, which provides a promising basis for the characterization of potential pollutant hazards in the aquatic environment. Values are shown as mean ± SD of experimental triplicates. Asterisks (*) indicate significant differences (P < 0.05) versus non-treated control. Table 1 Effect of paraquat on the proliferation of C. reinhardtii. Cells were exposed to different paraquat concentrations for 24 h. After FCM cell counting, growth rates were calculated as described in Materials and methods and expressed in day . Values are shown as mean ± SD of experimental triplicates. Asterisks (*) indicate significant differences (P < 0.05) versus non-treated control. Table 2 Calculated EC 50 values (µM) for paraquat on the parameters indicated at 24 h. Table 1 Effect of paraquat on the proliferation of C. reinhardtii. Cells were exposed to different paraquat concentrations for 24 h. After FCM cell counting, growth rates were calculated as described in Materials and methods and expressed in day 
